ABSTRACT Listeria monocytogenes can be carried by and infect poultry, although the clinical disease in birds is rare. Escape from macrophage phagocytosis is a key step in pathogenesis for L. monocytogenes. Therefore, we investigated the infection of the chicken macrophage-like cell line HD11 with 2 strains of L. monocytogenes EGD-e and Scott A. After infection, L. monocytogenes was quantified by spread plating and HD11 was quantified with trypan blue exclusion stain before enumeration. The standard macrophage killing protocols require washing the cell monolayers 3 times with PBS, which was found to negatively influence HD11 monolayers. Maximum bacterial densities within macrophages were not different between the 2 Listeria strains. HD11 required more than 11 h to effectively reduce intracellular L. monocytogenes Scott A, and Scott A was more susceptible to HD11 killing than EGD-e. It appears that Listeria infection initially causes attenuation of HD11 growth, and infected HD11 cells do not begin to lyse until at least 11 h post infection. These results suggest that there are subtle strain to strain differences in response to HD11 macrophage phagocytosis. The long lead-time required for HD11 to kill L. monocytogenes cells means that there is sufficient time available for chicken macrophages to circulate in the blood and transfer the intracellular Listeria to multiple tissues.
INTRODUCTION
The soil-borne bacterium Listeria monocytogenes can be pathogenic to both humans and animals (Seeliger, 1961; Hoelzer et al., 2012) . Although listeriosis is rare in birds it is thought that as many as 33% of seemingly healthy birds harbor L. monocytogenes and shed the organism in their feces (Dijkstra, 1976) . However, Milillo et al. (2012) observed that less than 1% of ceca of pasture raised broilers were positive for Listeria and only 5% of environmental samples were positive for Listeria before introduction of birds. In addition to being widespread in the environment, L. monocytogenes is a facultative, intracellular pathogen that can persist and multiply in cells of the hosts' immune, monocytemacrophage system (Goldfine and Wadsworth, 2002; Kuhn and Goebel, 2007) as well as in enterocytes, hepatocytes, and various protozoa (Ly and Muller, 1990; Cossart et al., 2003) . The pathogenesis of L. monocytogenes involves phagocytosis of the bacterium by the hosts' macrophages or other phagocytic cells (Kuhn and Goebel, 2007) . Mackaness (1962) demonstrate that L. monocytogenes is able to survive and multiply in macrophages. Several things can happen to bacteria that are phagocytized by macrophages including death of the bacterium (Duclos and Desjardins, 2000) . When L. monocytogenes are internalized they are either killed or escape into the cytosol (Drevets et al., 2001; Cossart, 2011) . The pore-forming protein listeriolysin O (LLO) mediates escape from the vacuole; mutants that lack LLO do not escape from a vacuole and may survive in tissue culture cell lines, but do not grow (VazquezBoland et al., 2001) . Macrophages that are infected with L. monocytogenes can then serve as vectors for invasion of the central nervous system (Drevets et al., 2001) .
L. monocytogenes grows in a wide variety of tissue culture cells, and numerous in vitro experiments have used various established mammalian cell lines for these studies. For instance enterocyte-like Caco-2 cells, adenocarcinoma HT-29, epithelial Henle 407, and L2 cell lines have been used to simulate the intestinal barrier (Pine et al., 1991; Van Langendonck et al., 1998; Roche et al., 2001) . Other cell lines, including hepatocyte Hep-G2, macrophage-like J774, and fibroblast L929, have been used to simulate what happens to L. monocytogenes after it has passed through the intestinal barrier (Chakraborty et al., 1994; Roberts et al., 2005 ). An in vitro chicken host cell model, HD11, has been developed 950 to investigate immune responses to other pathogens such as Salmonella (Ciraci et al., 2010) and compare differences among serovars (He et al., 2012) . The HD11 cell line is a macrophage-like cell created by transforming chicken hematopoietic cells with avian myelocytomatosis type MC29 virus (Beug et al., 1979; Leutz et al., 1988) . The HD11 cells have been shown to phagocytize Salmonella Typhimurium and S. Enteritidis (with an MOI of 25) reducing the inoculum by approximately 2 log CFU/mL in 3 h and about 4 log CFU/mL in about 24 h (Wisner et al., 2011) . Since listeriosis is a very uncommon disease of poultry we investigated the survival of L. monocytogenes strains EGD-e and Scott A in the HD11 cell line over 24 hours. In addition, due to initial infection experiments, we also evaluated the influence of 3 washing methods on HD11 for keeping the monolayers intact.
MATERIALS AND METHODS

Bacterial Cells
L. monocytogenes strains Scott A and EGD-e from the culture collection of the Center for Food Safety (University of Arkansas) were stored in tryptic soy broth (TSB; Becton, Dickinson and Company, Franklin Lakes, NJ) with 15% glycerol at −80
• C. Strain Scott A, serotype 4b, is a clinical isolate from the 1983 Massachusetts outbreak that has been widely used as a reference strain (Briers et al., 2011) . Strain EGD-e, serotype 1/2a, is derived from one of the original L. monocytogenes isolates from guinea pigs and is widely used to study virulence (Bécavin et al., 2014 ). An overnight culture was prepared by taking one colony from a quadrant streak on tryptic soy agar (TSA; Becton, Dickinson and Company) and inoculating 5 mL of TSB that was incubated at 37
• C with shaking. Bacterial cultures were centrifuged (Eppendorf 5415C, Hauppauge, NY) at 16,000 × g for 2 to 3 min, washed twice and resuspended in phosphate buffered saline (PBS). Washed cells were diluted in PBS to an Abs 600 value less than 0.2 (Beckman DU-640, Brea, CA). Standard curves were prepared by plotting CFU/mL versus Abs 600 of PBS-washed cells. Washed bacterial suspensions were added to warm, prepared D10F to achieve an approximate multiplicity of infection (MOI) of 10:1; this equated to a final optical density (at 600 nm) value between 0.15 and 0.3. Bacteria in infection time series were quantified by spread plate counts on duplicate TSA plates using appropriate serial 10-fold dilutions. L. monocytogenes growth in D10F at 37
• C over 24 h was quantified with track plating (Jett et al., 1997) .
Animal Cells
The chicken macrophage-like line, HD11, transformed with avian myelocytomatosis type MC29 virus (Beug et al., 1979; Leutz et al., 1988) obtained from M. Kogut (ARS, SPARC, USDA, College Station, TX) was used for all experiments. HD11 was grown at 37
• C with 5% CO 2 in D10F medium that contained DMEM with high glucose (4,500 mg/L glucose, 4 mM L glutamine, Hyclone, and Gibco), 1% MEM NEAA (Gibco), and 10% fetal bovine serum (Gibco). Except when expressly stated otherwise, HD11 cells were removed from culture flasks or wells with 0.25% trypsin-EDTA (1×) with phenol red (Gibco). Prior experiments with wells seeded at 10 5 HD11 cells per well found that growth just until confluence required between 3 and 5 d of incubation. However, HD11 cells grown to this density frequently sloughed off the plate during washing. Therefore, cells were seeded at approximately 1 × 10 6 cells per well in 24-well plates the night before an experiment, creating an almost confluent layer of cells. Adherence to the plastic occurred between one and 3 h post seeding. One 24-well plate was used for each time point. The morning of the experiment, 3 extra wells were enumerated to estimate the bacterial cell density required for inoculation.
Effects of Washing on HD11
Initial infection experiments with HD11 involved seeding wells with approximately 1 × 10 5 cells per well of a 24-well plate and allowing growth until approximately confluent, which took on the average 3 to 4 days. It was observed that HD11 cells were lost during the washing process, no matter how gently it was performed; some of the lawn of HD11 lost its adherence to the well and were discarded in the supernatant. The question arose as to whether this loss of adhesion was due to the L. monocytogenes infection of the HD11 or just to the physical abrasion of the washing procedure itself. To determine the effects of the washing procedure and reagents on HD11 layers, the following experiments were carried out: All 24 wells of a 24-well tissue culture plate were seeded with approximately 1 × 10 5 per well in D10F. After the layers reached confluence (3 to 4 d) the following treatments were applied: 6 wells had the D10F removed and were washed 3 times with cell PBS; 6 wells had the D10F removed and were washed one time with cell PBS; 6 wells had the D10F removed and were washed 3 times with D10F; and the final 6 wells only had their D10F removed (no washing was performed). All 24 wells then were trypsinized and enumerated with Trypan Blue in a hemocytometer using a reverse phase-contrast microscope. The experiment was repeated twice.
Infection Time Series
To begin the infection, the D10F on the HD11 was gently aspirated in a manner to remove any loosely adhered or planktonic HD11. L. monocytogenesinoculated D10F was added to the well (1.0 mL total) and the plate was incubated at 37
• C with 5% CO 2 for one hour. Wells were always infected starting with the latest time point working backwards to the shortest one, i.e., time point 23 was infected first, then 11, 9, 7, 5, 3, one, and zero h post infection (post uptake). After the one h of infection, the infected D10F was gently removed by aspiration as before and one mL of D10F containing 100 μg/mL of gentamicin (D10FG; Donaldson et al., 2011) was added to each well; time point zero did not receive D10FG.
At the appropriate time point, the D10FG was aspirated, and the HD11 washed with cell PBS. One well per strain received one mL of 0.1% Triton X-100 to lyse the HD11 and release the L. monocytogenes from the macrophage's cytosol and phagolysosomes. One well per strain received D10F so that the HD11 could be removed with cell scrapers (for biological-experimental replicates 2, 3, and 4). A third well per strain received 0.2 mL of 0.25% trypsin-EDTA. The plate was incubated for 5 to 8 min to loosen cells with trypsin. Eighthundred microliters sterile water were added to the trypsin-containing well to neutralize the enzyme. Then a cell scraper was used to remove cells from the well containing D10F. Control wells of uninfected HD11 also were removed with trypsin. Samples that were removed with trypsin or with cell scrapers were diluted 1:2 with Trypan blue and counted with a hemocytometer under a phase-contrast microscope. Because samples containing HD11 were infected with viable L. monocytogenes, in between each sample the hemocytometer was rinsed into a waste container with dH 2 O and then submerged in 70% EtOH for at least 5 min before being dried with kimwipes and loaded with the next sample. Samples from the wells that received 0.1% Triton X-100 were serially diluted in PBS and spread plated in duplicate on TSA plates to quantify viable L. monocytogenes. Duplicate plate counts were averaged, multiplied by the dilution factor, and log-transformed for Log CFU mL −1 counts.
Infection Negative Controls. All reagents were plated on TSA to confirm sterility. One-hundred microliters of the D10FG being removed from the wells was plated in triplicate to confirm efficacy of the gentamicin. All of these plates for the first experimental replicate had rings of growth at the outer edges of the plates (Figure 1) indicating that there were planktonic L. monocytogenes cells present. Wisner et al. (2011) experienced similar results with Salmonella. We used their control experimental procedures for the second, third, and fourth biological-experimental replicates to determine whether spontaneous gentamicin resistance was occurring or whether pieces of HD11 membrane were protecting the bacteria from the gentamicin. Briefly, 400 μl of the combined D10FG were mixed with 45 μl of 1% Triton X-100 in a microfuge tube and incubated at 37
• C for at least 3 h and then plated as before.
Statistical Analysis
Four independent, biological repetitions were run, the first including only time points zereo, one, 3, 5, 7, and 23 h post gentamicin. The first also did not include cells removed by the cell scrapers. Data were analyzed in JMP Pro 12.0.1 (SAS Institute Inc, Cary, NC) with analysis of variance (ANOVA) to determine whether differences across time points or strains existed and with Tukey HSD at P < 0.05.
RESULTS AND DISCUSSION
The presence of L. monocytogenes colonies on plates from the gentamicin containing D10F wells (Figure 1 ) suggested that either spontaneous gentamicin mutants were developing or that the L. monocytogenes cells were being protected from the gentamicin treatment. Wisner et al. (2011) observed similar apparent survival of Salmonella after gentamicin treatment when infecting HD11 cells. They treated the samples with 1% Triton X-100 and incubated them for 30 min and compared them to samples not treated with the detergent; after treatment Salmonella was recovered only from media fractions without Triton X-100. Since Triton X-100 disrupts eukaryotic, but not bacterial, cell membranes, they concluded that surviving Salmonella were contained within eukaryotic cell membranes. Kaneko et al. (2013) observed that L. monocytogenes escaping from liver parenchymal cells were coated with the plasma membrane, which protected them from gentamicin action. All of our incubated controls were negative for L. monocytogenes growth.
Washing of HD11 monolayers that had grown to confluence from 1 × 10 5 cells per mL was influenced only by washing with cell PBS 3 times (P < 0.01; Figure 2 ). Washing with D10F 3 times or once with cell PBS did not cause the same reduction in cell numbers. This suggests that the difference in composition between cell PBS and D10F was the cause of the sloughing of the cells from adhering to the plastic wells. Because of these results, we chose to rinse HD11 monolayers only once in cell PBS or D10F. Comparing the use of trypsin and cell scrapers to remove infected-HD11 revealed large reductions in viable HD11 counts using cell scrapers (Figure 3 ). In addition, we did not observe differences between strains of EGD-e and Scott A. The use of cell scrapers to remove HD11 monolayers would be appropriate only if the experimenter did not want to count the number of HD11.
When grown in D10F medium, the maximum population densities of the 2 L. monocytogenes strains were not significantly different (Figure 4) . Qualitatively, it appears that growth of L. monocytogenes Scott A in D10F medium reached peak density more quickly than did EGD-e (Figure 4 ). However using a Student's t test, there were no differences between the 2 strains at any time point; the P-value between the 2 strains for time point 24 is only marginally significant at 0.0486. This pattern also was seen in the infection experiments ( Figure 6 ). This would suggest there is a measurable biological difference between the 2 strains of L. monocytogenes. It would also suggest that this difference Figure 4 . Growth of L. monocytogenes EGD-e and Scott A in D10F medium at 37
• C over 24 h using the plate track plating method of Jett et al. (1997) . Upper-case letters indicate differences (P < 0.05; JMP; Tukey-HSD) between time points for strains individually. Bars represent standard deviations of 3 independent experimental replicates, except for time points 4 and 24 of Scott A, which each are based on data from 2 experimental replicates due to improper dilutions and plating for those 2 time points for one experimental replicate. is not due to something inherent to the HD11 that Scott A is interacting with differently than EGD-e. This finding leaves open to speculation whether growth in D10F medium should be used to determine the in vivo growth characteristics such as growth rates. Additional research could be designed to compare the growth of these strains in other tissue culture media to see if similar patterns exist, or whether these findings are unique to D10F.
We did not observe significant strain effects on HD11 counts ( Figure 5 ). However, after 23 h both strains did significantly reduce the HD 11 counts (P < 0.05) as compared to non-infected HD11 controls. This suggests either that the Listeria inhibited the growth of HD11 or caused their lysis. Due to the large variation in the counts, it would be interesting to repeat the experiment with a larger number (n = 30) of biological replicates to increase the statistical discriminating power. This could reveal differences earlier in the infection process and clarify a stepwise progress of halting the growth of HD11 before resulting in HD11 lysis. Blebbing, in which the membrane bulges out of the normal cell shape, was observed in some of the infected cells, in addition to more variance in cell size. HD11 also experiences blebbing when stimulated with ODN 2006 (Xie et al., 2003) , a "synthetic unmethylated CpG oligodeoxynucleotide," and when infected with an avian reovirus S1133 (Pertile et al., 1996) .
Both strains of L. monocytogenes increased approximately 0.75 log CFU/mL after phagocytosis inside HD11cells (Figure 6 ). Donaldson et al. (2011) observed similar results in J774A.1 murine macrophages. Qualitatively, Scott A reached maximum population density earlier than EGD-e, but further experimentation with a larger sample size would be required to show if this difference was significant. In addition, the concentration of Scott A was approximately 0.75 log CFU/mL lower (P < 0.05) at the end of the experiment than EGD-e. Scott A was also approximately 1 log CFU/mL lower (P < 0.05) than its starting density at the end of the experiment, while EGD-e returned to its original cell density. Pierce et al. (1996) observed loss of mouse peritoneal macrophages after 9 h in contrast to over 11 h with HD11. This could be a difference between host sources, the strains used, or the activation or stimulation of the macrophages. They also observed an approximately 1.5 log CFU/mL increase in L. monocytogenes Figure 7 . Ratio of number of L. monocytogenes strains EGD-e and Scott A to number of HD11 cells over time. Time represents h post one-hour infection and subsequent application of gentamicin in D10F growth medium. Bars with different lower-case letters represent significant differences between time points for a strain; no differences were observed between strains for a single time point (P < 0.05; std. deviation. JMP, SAS Institute, Inc.). over 9 h (Pierce et al., 1996) . It is possible that this strain variation is representative of differences that exist in vivo in hosts and might explain why some strains clear hosts and some do not. Ahn et al. (2014) found a 1 log CFU reduction in one strain of L. monocytogenes after 24 h of infection of HD11 cells. We did not observe differences between the 2 strains' influence on the HD11, but both strains eventually lysised the host HD11 cells. Whether this was caused by L. monocytogenes escaping from the macrophages and causing them to rupture or by an autophagic pathway is not known.
While it appears that the macrophages are capable of killing the phagocytosed L. monocytogenes Scott A, we speculated that this observed effect was actually due to the decreased number of HD11. This is based on the rationale that HD11 were lysing and thus exposing the intracellular L. monocytogenes to the gentamicin in the D10F, and dying, giving the appearance of being killed by the HD11. The ratio of bacteria to HD11 reveals how many bacteria each HD11 cell contained over time (Figure 7) . The variability in the data prevented making definitive conclusions regarding EGDe-infected HD11. However, we were able to determine was that there no difference between EGD-e and Scott A at any time point. Even with the loss of Scott Ainfected HD11 due to lysis, those HD11 that remained were able to reduce the levels of intracellular Scott A (P < 0.05). It is noteworthy that significant reductions in the infective dose of Listeria were not observed until 23 h post infection. This finding further substantiates that there was sufficient time for the macrophages to circulate in the host and disseminate the bacterium. It also means that further work should be extended to at least 24 h to retrieve accurate information on the decline phase. The work of Nightingale et al. (2007) found that growth conditions (37
• C with shaking vs.
30
• C without shaking) influenced (P < 0.05) invasion of Caco-2 cells. It would be interesting to consider whether this is also true for HD11. Also of future interest would be to evaluate whether those few HD11 that remained intact with intracellular L. monocytogenes present eventually succumbed to their infection or whether these HD11 managed to continue to fulfill their mission to contain and destroy the Listeria.
